Abstract. Computational modeling of pastoralist societies that range as nomads over diverse environmental zones poses interesting challenges beyond those posed by sedentary societies. We present HouseholdsWorld, a new agentbased model of agro-pastoralists in a natural habitat that includes deserts, grasslands, and mountains. This is the paper-of-record for the HouseholdsWorld model as part of a broader interdisciplinary project on computational modeling of long-term human adaptations in Inner Asia. The model is used for conducting experiments on socio-environmental interactions, social dynamics experiments, and for developing additional models with higher levels of social complexity.
patterns. Annual seasons determine local migrations; decadal or longer climate cycles can also determine inter-regional or other long-distance migrations. The number of natural habitats or ecosystems traversed by a nomadic group may be taken as a measure of its mobility, in addition to physical distance.
In Inner Asia and the Eurasian steppe, pastoral nomadic societies have played an influential role in shaping world history, at least since the rise of the Xiong-nu (Hünnü) during the late 3rd century and early 2nd century BCE, in the Ordos region and far beyond. 1 As described in the Chinese classic Shih chi (Shiji) by the Han court scribe Ssu-ma Ch'ien:
Each group had its own area, within which it moves about from place to place looking for water and pasture (Watson, 1961: 163-164 ).
Interestingly, nomadism also has effects on political organization and forms of governance, given the challenges and opportunities posed by collective mobility. As a result, nomadic societies have evolved their own adapted versions of chiefdoms, states, and empires (Rogers, 2007) . The spatial mobility of institutions is a common necessity in nomadic societies, whereas it is rare for sedentary societies (e.g., moving a capital city or administrative center). Nomadic households are the fundamental and simplest building blocks at the bottom of the hierarchy of human groups that constitute a polity and its governance institutions. In turn, households belong to clans and tribes, which-in Inner Asia and other world regions populated by pastoral nomadic societies-in turn form confederations and other higher-level polities. Membership in such supra-household social groupings (e.g., clans, tribes, sects, and other communities) is key to understanding social organization and dynamics, including patterns of war and peace.
Social simulations of nomadic and pastoralist societies provide unique computational models and virtual laboratories for testing generative theories (Epstein, 2007) of social complexity among interactive and mobile agents, as well as for exploring and discovering new patterns of socio-environmental interactions (Kohler, 2007) . In addition, the possibility of conducting in silico experiments is especially valuable, because household interaction and mobility often raise a number of "what if" questions associated with contingencies of time and space (e.g., the rise of the Mongol empire in the 13th century, not earlier in history or elsewhere in Asia). Theoretical development, discovery, and experimentation provide the basic motivation for the model described in this paper.
Simulation models of nomadic pastoralist societies include agent-based models of target systems ranging from regions in Africa (see, e.g., Rouchier et The emergence of sociopolitical complexity is a research question that models in our project seek to address. A new model was necessary because earlier models addressed different questions (e.g, sustainability, role of memory, or ethnic conflict). Specifically, the primary purpose of the HouseholdsWorld model is to gain a better understanding of pastoral nomadic dynamics-among households and between households and natural environments-including human and societal adaptive behavior to long-term change. For example, the HouseholdsWorld model is capable of answering research questions concerning societal consequences of climate change and other environmental challenges to human societies (Rogers, Latek, and Altman, 2009). The second purpose is to provide a basis or building block for modeling a larger and more complex target system, including the emergence of political organization (Cioffi-Revilla et al., 2008). This is the paper-of-record for the MASON HouseholdsWorld Model version 1 (or HouseholdsWorld, for short).
The HouseholdsWorld Model
By way of context, the MASON HouseholdsWorld model is the initial social simulation model in a progression of models aimed at simulating the rise and fall of polities in Inner Asia over a long time span (Cioffi-Revilla et al., 2007). The time is defined as sufficiently long to include significant climate change. When climate changes, the biomass distribution on the landscape changes, which in turn leads to changes in the biological and social dynamics of animals and people, respectively.
HouseholdsWorld is a spatial agent-based model of pastoral nomads living in a simple socio-natural system, as shown by the UML class diagram in Figure 1 . The main agent classes are Household and Camp, where the former also belong to a Clan. The model is written in the MASON system (Luke et al., 2005) in order to exploit a set of project-specific features, such as platform independence in Java, guaranteed replicability, separation of computation from visualization, and evolutionary computation facilities which we plan to use in the future. Separate social, environmental, dynamic, and implementation aspects of the model are described next.
The target system is a generic locality smaller than a region of Inner Asia shortly after ca. 500 BCE, the time period just prior to the rise of the Xiung-nu polity (ca. 
Households
Households are the smallest social units in the model. For our purposes, we do not specify individual persons, but rather focus on households-extended families-and their behavior around herds of animals. Each household needs to ensure sufficient forage for its herd (a herd multiplies if enough forage is available, otherwise it starts dying at a predetermined rate), as detailed by the main simulation loop illustrated in Figure 2 .
The movement rules mentioned in Figure 2 are defined as follows. Each movement rule r ∈ S takes as input a cell of the environment, c ∈ N, and returns a real number,
The following five rules are currently used: This rule set is defined at the level of households. The next section discusses the camp-level rule set. The algorithm below shows how, given an ordered set of movement rules, agents decide where to move next. Note that Rule 2 requires endowing each household with grazing memory, which holds information on the best grazing areas for a given month of the year. This is a somewhat more sophisticated cognitive feature relative to our earlier Wetlands model where the hunter-gatherer agents followed a simpler rule set in a single ecological region (Cioffi-Revilla et al., 2004b).
Algorithm for evaluation of hierarchies of movement rules.
Given
While the social ontology of the HouseholdsWold model does not include elaborate treatment of "the mind of agents" (e.g., in terms of specifically modeling desires, beliefs, and intentions (DBI), or other mental constructs and cognitive processes), the model does include some cognitive and socio-psychological elements, such as agent memory (for both households and camps), decision-making by households (for example, deciding if and where to move next), instincts (with regards to food and aliens), basic norms (ascriptive xenophobia and attraction, determined by clan membership), and intentional behaviors (motivated by needs). These elements also correspond to significant features that are known to be present in the target system-i.e., the human communities in Inner Asia after ca. 500 BCE. Note also that, while rules 1 and 2 pertain to socio-natural interactions, rules 3, 4, and 5 are about interactions among households, consistent with a complex adaptive systems approach to the human ecology of small groups (Arrow et al., 2000). 
Camps
Camps are composed of households, as shown earlier in Figure 1 , and they follow a separate set of behavioral rules: Iterative application of these rules yields the effect of seasonal variability in the number of camps. Thus, in winter we observe multiple small camps, while in summer camps tend to conglomerate. In addition to behavioral rules, households belonging to a single camp share information on grazing areas.
Importantly, camp behavior rules aim to reflect comparable rules in the target system of Inner Asia's pastoralist communities, similar to the motivation for household rules.
Natural environment
The seasonal and spatial variability of the environment of Inner Asia, centered on Mongolia, is modeled by using two data layers:
1. Monthly NDVI (normalized difference vegetation index) rasters, from atmosphere corrected bands with a 500 meter resolution; and 2. Land cover type (14 types used), originally in 1 km resolution.
To obtain carrying capacities from raw NDVI data, information gathered in situ by Kawamura (2004) was used to translate NDVI into the amount of biomass fit for grazing (expressed in kg/ha). Parameter values are shown in Table 1 . In all, the natural environment in the model consists of threes biomes-desert, grasslands (mostly), and forests-representing a significant portion of the habitat occupied by the pastoral nomads of Inner Asia. Figure 3 presents six selected outputs produced during each run of HouseholdsWorld. The model GUI displays a bird's eye view of a region where nomadic households form camps (clusters of red, blue, and yellow dots, representing three clans in panel (a)), as well as a variety of metrics (time series, histograms, and other charts not shown here for reasons of space) that track the evolution of social and/or environmental dynamics within the overall socio-natural system. Several of the patterns produced by simulation bear significant qualitative and quantitative resemblance to comparable patterns in the target system. For example, the distribution of wealth in Figure 3 (f) has the approximate form of a log-normal distribution, as a real-world distribution of household wealth usually should. Similarly, household movements in Figure 3(d) show marked periodic fluctuations, as in the real world when nomads undergo seasonal travel following their herds. While the model does not attempt to produce a specific historical or empirically replicated replication (such as, for example, migrations and settlement patterns in the wellknown Anasazi model), the overall qualitative and quantitative behavior of households, herds, and seasons are supported by known features of the target system.
The MASON system of the HouseholdsWorld model also allows for easy design of multi-run experiments, as should be with a viable virtual lab (agent-based model). Accordingly, we have used the multi-run experimental capability to search for robust grazing strategies by households. For example, we have investigated performance across different permutations of the movement rule set. Figure 4 presents results of an exhaustive search of the space of behavioral ruleset permutations to obtain the trade-off between the maximal long-term population and the long-term variability of the population. The Pareto frontier in this case is the set of solutions that can sustain the largest population within the larger set (i.e., as a subset) of all solutions that have comparable or larger risk measures (starvation probability). It can be observed that for populations less than 3,000, the tradeoff between risk and efficiency is small (population can increase with little punishment). However, the tradeoff changes dramatically for larger populations. For Mongolia, Krader (1955) provides observed population densities of 0.9 persons/km 2 and herd densities of 8 animals/km 2 . For the particular landscape used in our simulation, the critical density is in the 3,000-5,000 households range on a 10,000 km 2 landscape (corresponding to a population density of 0.3-0.5 households/km 2 and a herd density of approximately 12-20 animals/km 2 ). Empirically observed values are some 50% lower than critical values predicted by the HouseholdsWorld model. We hope to reduce this discrepancy by introducing a data-driven model of paleo-climate, thereby increasing the environmental uncertainty faced by Inner Asian households in the real world. 
Summary
Computational modeling of nomadic pastoralist societies that range over diverse natural environments poses interesting challenges, because household mobility affects the fabric of social relations (interactions among households) as well as socionatural interactions. In this chapter we have presented the MASON HouseholdsWorld, a new agent-based model of migratory pastoralist societies in a natural habitat consisting of several biomes (grasslands, forests, deserts). Agent-based models of pastoral nomadic societies are still relatively rare in the literature, although the role of these polities in world history has been significant (Christian,1998; Grousset, 1970; Khazanov, 2004; Rogers, 2007) . The MASON HouseholdsWorld model is part of a broader collaborative interdisciplinary project involving social scientists, computer scientists, and environmental scientists, focused on computational modeling of long-term human adaptations in Inner Asia-a vast area of the world where agro-pastoralist societies interacted among themselves and with their neighbors in complex and dynamic environments.
In this paper we described the structure and some of the dynamics of the HouseholdsWorld model, including fluctuations in household wealth, camp sizes, and other simulation outputs. The MASON HouseholdsWorld model is being used for conducting experiments on socio-environmental interactions and social dynamics, as well as for developing additional models that reach higher levels of social complexity (state-formation).
